ABSTRACT The rodent olfactory epithelium (OE) is a good model system for studying the principles of stem and progenitor cell biology, because of its capacity for continuous neurogenesis throughout life and relatively well-characterized neuronal lineage. The development of mouse OE is divided into two stages, early and established neurogenesis. In established neurogenesis, which starts at embryonic day (E) 12.5, sustentacular cells and olfactory receptor neurons (ORNs) are produced from apical and basal progenitors, respectively. We previously reported that Six1 -/-shows a lack of mature ORNs throughout development and disorganization of OE after E12.5. However, the molecular bases for these defects have not been addressed. Here, we show that Six1 is expressed in both apical and basal progenitors. In Six1 -/-mice, apical proliferating cells were absent and no morphologically identifiable sustentacular cells were observed. Consistently, the expression of Notch2 and Jagged1 in the apical layer was absent in Six1 -/-mice. On the other hand, basal proliferating cells were observed in Six1 -/-animals, but the expression of Ngn1, NeuroD, Notch1, and Jagged2 in the basal layer was absent. The expression of Mash1, the determination gene for ORNs, and Hes genes was enhanced in Six1 -/-mice. The present findings suggest that Six1 regulates production of functional apical and basal progenitors during OE development, through the regulation of various genes, such as neuronal basic helix-loop-helix (bHLH), neuronal repressor bHLH, and genes involved in the Notch signaling pathway.
Introduction
The olfactory system is dedicated to the detection of airborne chemicals called odorants. Odorants interact with olfactory receptors in the olfactory receptor neurons (ORNs) in an epithelial sheet; the olfactory epithelium (OE), which lines part of the nasal cavity. Continuous neurogenesis to produce ORNs is maintained throughout life in the OE (Graziadei and Monti Graziadei, 1979; Schwob, 2002) . In mice, the entire population of ORNs is renewed every 4-6 weeks. Because of this naturally occurring regeneration, together with relatively accessible location of OE from the outside, the OE has been regarded as a potential source for generation of new neurons to replace those damaged by injuries or neurodegenerative disorders in the central nervous system (CNS) (Marshall et al., 2006; Lindsay et al., 2010) .
In adult rodents, the OE is a pseudostratified columnar epithelium composed of the apical, middle, and basal layers. In the apical layer, the nuclei and bulk of the soma of sustentacular (supporting) cells are aligned along the nasal cavity. Sustentacular cells are glial-like cells, which possess many glial cell functions (Farbman, 1992) . For example, they structurally support ORNs (Nomura et al., 2004) , electrically isolate each ORN (Farbman, 1992) , and function in a neuroprotective manner through the expression of various enzymes responsible for detoxification (Ding and Coon, 1988; Chen et al., 1992) . On the other hand, several layers of ORNs exist in the middle layer. ORNs have a single dendrite that ends with a small knob harboring cilia at the apical side of the OE. Upon stimulation of the olfactory receptors on the cilia by various odorants, impulses are transmitted along the unmyelinated axons that exit out of the OE on the basal side towards the olfactory bulb in the brain. In the basal layer, there are two morphologically distinct cell types, globose basal cells (GBCs) and horizontal basal cells (HBCs) . GBCs are round in shape, mitotically active, and some of them are currently considered basal progenitor cells (Graziadei and Monti Graziadei, 1979; Calof and Chikaraishi, 1989; Caggiano et al., 1994; Schwob et al., 1994; Huard et al., 1998) . HBCs are flat in shape and make direct contact with the basal lamina above the underlying lamina propria. HBCs serve as reservoirs of long-lived progenitors and are largely quiescent under normal renewal turnover of ORNs (Carter et al., 2004; Leung et al., 2007; Iwai et al., 2008) . The basal progenitor cells continuously generate ORNs and other types of cells throughout life as well as after damage of the OE (Manglapus et al., 2004; Beites et al., 2005) .
The process through which the basal progenitor cells give rise to ORNs is called "established neurogenesis". During mouse development, the established neurogenesis begins at embryonic day (E) 12.5. Coincidentally and more clearly at E13.5-E14.5, the OE becomes organized into the mature three-layer structure described above (Beites et al., 2005) . Before the established neurogenesis, the olfactory placode (OP)/OE contains thickened olfactory neuroepithelial cells and their cell bodies expand from the apical to the basal side. "Early neurogenesis" or "primary neurogenesis" commences at E10.0 and some cells become neurons in a scattered pattern in the OP/OE (Ikeda et al., 2007) . Early neurogenesis gives rise to at least two distinct classes of neurons. One class is the pioneer neurons that migrate out of the OP/OE and localize between OP/OE and the forebrain. The existence of pioneer neurons derived from the OE has been reported in zebrafish and human (Whitlock and Westerfield, 1998; Bystron et al., 2006) . Pioneer neurons form "cellular aggregates" at later developmental stage (Schwanzel-Fukuda et al., 1992) , which are required for axonal projection of later-born ORNs and for migration of gonadotropin-releasing hormone (GnRH) neurons (Schwanzel-Fukuda et al., 1992; Ikeda et al., 2007) . The other class is the early-differentiated neurons whose characteristic and cell fate are currently unknown (Ikeda et al., 2007) .
Six1 belongs to the Six-class homeobox gene family homologous to Drosophila sine oculis (Kawakami et al., 2000) . Six1 encodes a transcription factor and plays critical roles in the development of sensory organs (Zheng et al., 2003; Ozaki et al., 2004; Ikeda et al., 2007; Chen et al., 2009) . We reported previously that Six1 is expressed in the OP and developing OE of mouse. Using Six1 knockout homozygous embryos (Six1 -/-), we have described the importance of Six1 in early neurogenesis, focusing on the production of pioneer neurons (Ikeda et al., 2007) . We also reported the complete absence of OMP expression, which is a marker of mature ORNs, at the later stage of Six1 -/-OE. Because early and established neurogenesis are considered to be regulated by distinct molecular mechanisms (Beites et al., 2005; Cau et al., 2002) , the complete absence of ORNs is not likely to be the direct consequence of defective early neurogenesis in Six1 -/-. In addition, we noticed that the structure of Six1 -/-OE begins to become disorganized at E12.5, when the stage of early neurogenesis switches to that of established neurogenesis (Ikeda et al., 2007) . Therefore, we assume that Six1 also plays another specific role in established neurogenesis. In the present study, we found that Six1 is required for the production of apical and basal progenitor cells during established neurogenesis in the embryos, through regulating the expression of genes encoding neuronal transcription factors and genes involved in Notch signaling pathway. The absence of apical progenitors leads to the loss of sustentacular cells, resulting in disorganization of OE structure, and the absence of basal progenitors leads to the loss of ORNs in Six1 -/-.
Results

Expression of Six1 in proliferating apical and basal cells in established neurogenesis
The expression domain of Six1 is confined to the apical and basal layers of OE after E12.5 (Ikeda et al., 2007) and the expression pattern was maintained throughout development to E19 (Fig. 1A) . We also analyzed the expression of Six1 by immunohistochemistry using anti-mouse Six1 antibody in the OE of E18.5 fetuses (Fig. 1B ) and 1.5-month-old young adult mice (Fig. 1C) . Six1-positive signals were observed in the nuclei of sustentacular cells (black arrowheads) and basal cells (red arrowheads) as well as the duct and acinar cells of Bowman's glands (arrows) in the adult. To confirm the cell types that express Six1, we performed co-immunofluorescence in the OE of 2-month-old adult mice (Fig. 1 D-F) . In the middle layer of the adult OE, PGP9.5 labeling is reported to be positive in ORNs but negative in Bowman's glands (Weiler and Benali, 2005) . We found that Six1-positive cells in the middle layer were negative for PGP9.5, indicating that these Six1-positive cells were duct cells of Bowman's glands (Fig. 1D , arrows in OE). The acinar cells of Bowman's glands in the lamina propria (LP) were also Six1-positive (Fig.  1Db , arrow in LP). 5'-bromo-2'-deoxyuridine (BrdU)-positive cells in the basal layer of adult mice correspond to GBCs. We found that BrdU-positive cells were also positive for Six1 (Fig. 1E ). Cytokeratin 14 (CK14) labels HBC (Holbrook et al., 1995) , and HBCpositive cells were positive for Six1 (Fig. 1F, arrows) . These results indicate the expression of Six1 both in GBCs and HBCs. Six1-nuclear staining was also observed in sustentacular and basal cells of one-year-old mice (data not shown).
In the established neurogenesis during development, proliferating cells that are identified by BrdU incorporation during the Sphase are detected in two separate layers, the apical and basal, but not in the middle layer where postmitotic differentiated ORNs reside (Smart, 1971; Cau et al., 2002) . Apical proliferating cells are mostly nascent sustentacular cells that are self-renewing, while basal proliferating cells are progenitors for ORNs (Smart, 1971; Beites et al., 2005) . Ki67 is another marker for proliferating cells and is expressed throughout the cell cycle (Iatropoulos and Williams, 1996) . Ki67-positive cells were distributed in the apical and basal layers of the OE at E13.5, and were Six1-positive ( Fig.  2A) . Staining for NeuroD, which labels mitotically active basal progenitor cells (Cau et al., 1997) , was noted at that stage (Fig.  2Bd, asterisk) . NeuroD-positive cells in the basal region were also Six1-positive (Fig. 2B) .
Hes1 is expressed in the apical progenitor cells during OE development (Cau et al., 2002) and during the production of sustentacular cells after methyl bromide-induced lesions (Manglapus et al., 2004) . At E13.5, Six1 and Hes1 were coexpressed in the apical cells (Fig. 2C) . At E16.5, Six1 and NeuroD were co-localized in the basal cells (Fig. 2D) , consistent with the (Goldstein and Schwob, 1996; Fig. 2Gd , double asterisks). The majority of SUS-4-positive cells were Six1-positive in the adult (Fig. 2G ). It was also noted that Ki67-positive apical cells, which correspond to proliferating sustentacular cells in the adult OE (Weiler and Farbman, 1998) , were Six1-positive, although they were small in number (Fig. 2H, arrow) . Furthermore, Ki67-positive basal cells that correspond to GBC were Six1-positive in the adult OE (Fig. 2H , arrowhead). These results indicate that Six1 is expressed in the apical and basal proliferating cells, which correspond to sustentacular and basal cells, respectively, during established neurogenesis as well as in the adult.
Absence of apical progenitors in Six1 -/-
Six1 -/-shows disorganization of OE, which starts at around E12.5 (Ikeda et al., 2007) . At this stage, established neurogenesis begins in the developing OE. BrdU-positive cells were observed in both the apical and basal layers in WT at E12.5 and E13.5 ( Fig.  3 A,C). Strikingly, no such cells were detected in the apical layer of Six1 -/-OE at E12.5 and E13.5 ( Fig. 3 B,D) , indicating absence of apical proliferating cells in Six1 -/-. In contrast, BrdU-positive cells were preserved in the basal layer at E12.5 and E13.5 in Six1 -/-OE ( Fig. 3 B,D ). This finding was in sharp contrast to that of Mash1 -/-, in which BrdU-positive cells were reduced in number in the basal layer but present throughout the apical-basal extent of the epithelium (see Fig. 7 A,B) (Cau et al., 2002; Murray et al., 2003) . At E16.5, BrdU-positive cells were noted in both apical and basal layers in WT (Fig. 3E) . In Six1 -/-, this stage of development was characterized by marked disorganization of OE, ill-defined structure of the OE, presence of BrdU-positive cells scattered in the mass of the nasal cavity (Fig. 3F ). It is noteworthy that the respiratory epithelium (RE) was relatively preserved in Six1 -/-.
The Notch signaling pathway is an important regulator in OE development and multiple Notch receptors, Notch ligands, Notch effectors, and a Notch modulator are expressed in the developing OE (Lindsell et al., 1996; Cau et al., 2000 Cau et al., , 2002 Mitsiadis et al., 2001; Carson et al., 2006; Schwarting et al., 2007; Rodriguez et al., 2008) . Notch2 is expressed in the apical layer of embryonic OE (Carson et al., 2006) . The Notch ligand gene Jagged1 (Serrate1) and Notch effector gene Hes1 are also expressed in the apical progenitors in a Mash1-dependent manner at E12.5 (Cau et al., 2002) . To examine whether the components of Notch signaling pathway are preserved in the apical layer of Six1 -/-OE, we compared the expression of Notch2, Jagged1, and Hes1 (Fig. 4A ), but was absent in Six1 -/-at E12.5 (Fig. 4B) , as well as at E13.5 (data not shown). The expression of Jagged1 was weak in the apical layer and strong in the apical layer at the mediocaudal part of OE in WT (Fig. 4C ), but absent in Six1 -/- (Fig. 4D ). These results indicated the lack of apical proliferating progenitors and components of Notch signaling pathway in the developing OE of Six1 -/-. In contrast, Hes1 showed enhanced expression in Six1 -/-compared with WT. The expression domain of Hes1 was markedly expanded throughout the apical-basal layers in the OE of Six1 -/-, compared with that of WT (Fig. 4 E,F) . Cytokeratin 18 (CK18) is an intermediate filament protein and a marker of sustentacular cells and Bowman's gland cells in adult mice and at E18.5 (Fig. 4G ) (Suzuki and Takeda, 1991; Holbrook et al., 1995; Williams et al., 2004) . Immunohistochemistry using anti-CK18 antibody at E18.5 showed markedly reduced signals in the disorganized mass in Six1 -/-nasal cavity (Fig. 4H) , indicating the absence of structurally identified sustentacular cells in Six1 -/-.
Defective basal progenitor cells in Six1 -/-
The sequential cascade of neuronal basic helix-loop-helix (bHLH) transcription factors, Mash1, Ngn1, and NeuroD, is known to be responsible for progression of neurogenic differentiation and cell proliferation during established neurogenesis (Cau et al., 1997 (Cau et al., , 2002 Gordon et al., 1995; Calof et al., 2002) . The Mash1-positive progenitor cell gives rise to the transit amplifying progenitor cell that expresses Ngn1, and in turn NeuroD. Phd1 is a pairedhomeobox gene known to be expressed in basal progenitor cells, depending on the expression of Ngn1 in OE development (Cau et al., 2002) . Ebf1 and Lhx2 are the HLH and LIM-homeobox genes, respectively, and both genes are expressed in the basal progenitor cells independent of Ngn1 expression, but dependent on that Immunohistochemistry for BrdU (brown nuclei) after 1 hour of BrdU incorporation, followed by hematoxylin staining. BrdUpositive cells are observed in two separate regions, apical and basal, at E12.5, E13.5, and E16.5 of WT OE (A,C,E). E12.5 is a transition stage, when BrdU-positive cells can be observed throughout OE or in two separate layers, depending on the region. Note the absence of apical BrdU-positive cells at E12.5, E13.5, and E16.5 in Six1 -/-(B,D,F) . Disorganization of OE starts at E12.5 and becomes apparent at E13.5 in Six1 -/-(arrows). Due to the severe disorganization, the OE is not identified at E16.5 in Six1 -/-, while RE is relatively preserved (F). Right side is dorsal side and upper side is medial in the panels of E12.5 and E13.5. Scale bars, 200 m (A,B), 100 m (C,D), and 400 m (E,F). VNO, vomeronasal organ; OE, olfactory epithelium; NS, nasal septum; RE, respiratory epithelium. In situ hybridization of WT and Six1 -/-at E12.5 using riboprobes for Notch2, Jagged1, and Hes1. In the WT, the expressions of Notch2 and Hes1 are found largely on the apical side and that of Jagged1 on the apical side weakly. The expression of Notch2 and Jagged1 is absent in the OE of Six1 -/-. The expression of Hes1 is enhanced in the OE of Six1 -/-. Right side is dorsal side and upper side is medial side. The broken line demarcates the OE from the underlying mesenchyme. (G,H) Immunohistochemistry (IHC) using anti-cytokeratin18 (CK18) antibody at E18.5. In Six1 -/-, disorganized mass of OE is faintly stained for CK18. Scale bars, 100 m. NS, nasal septum; NC, nasal cavity. (Fig. 5 A,B) . In contrast, the expressions of downstream target genes of Mash1, such as Ngn1 and Phd1, were markedly reduced, and that of NeuroD was almost completely absent in Six1 -/- (Fig. 5 D,F,H) . The expression of Ebf1 was noticeably reduced and that of Lhx2 was decreased in Six1 -/-, although the latter was relatively preserved (Fig. 5 J,L) . These results indicate that although Mash1-expressing progenitors were produced in Six1 -/-, they did not progress to differentiate into transit Ngn1-expressing progenitor cells and lost the ability to produce neurons destined to ORNs. We also performed immunohistochemistry using anti-CK14 antibody at E18.5. The CK14 labels HBCs (see Fig. 1F ) and RE in adult mice (Holbrook et al., 1995) , and in E18.5 WT fetus (Fig.  5 M, M' ). As shown in Fig. 5N, CK14 was not observed in the basal layer of OE in Six1 -/-, but was expressed in RE. This observation indicates the absence of HBCs in Six1 -/-at later stage of development.
Notch1 is expressed in the basal layer at E12.5-E13.5 ( Fig. 6A ) (Mitsiadis et al., 2001; Schwarting et al., 2007) and strongly in the future RE at E11.0 (Schwarting et al., 2007) . It is suggested that Notch1-mediated signals function to maintain a neurogenic progenitor pool at the stage of established neurogenesis during development (Schwarting et al., 2007) . In situ hybridization was performed to determine the expression status of Notch1 in the basal layer in Six1 -/-. The expression of Notch1 in the OE was lost, although it was present in the future RE region in Six1 -/- (Fig. 6B and data not shown). Furthermore, a Notch ligand Jagged2 (Serrate2) and a modulator of Notch signaling Lunatic fringe (Lfng) were expressed in the basal region of WT OE (Fig. 6 C,E) , but absent in Six1 -/-OE (Fig. 6 D,F) . These results indicate the absence of some of the components of Notch signaling pathway in the basal proliferating cells of Six1 -/-. In contrast, enhanced expression of Notch effecter gene Hes5 was noted, together with a wider distribution to the more apical side in Six1 -/- (Fig. 6 G,H) .
Expression of Notch1 and Notch2 in Mash1 -/-
Mash1, the key determinant gene for ORN differentiation, is also known to be required for the expression of the Notch signaling genes, such as Jagged1, Jagged2, Hes1, and Hes5 (Cau et al., 2002) . Absent or underexpression of these genes is reported in Mash1 -/- (Cau et al., 2002) . Examination of Notch1 and of Mash1 in the developing OE (Cau et al., 2002) . Because BrdUpositive cells were observed in the basal layer of Six1 -/-at E12.5 and E13.5 (Fig. 3 B,D) , it was expected that basal progenitors that produce ORNs were present in Six1 -/-. To determine whether the 
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Notch2 expression in Mash1 -/-at E13.5 showed Notch1 expression in the basal layers of WT, but not in Mash1 -/-( Fig. 7D ; Tietjen et al., 2003) . This observation correlated with the absence of BrdU-positive cells in the basal layer of Mash1 -/-OE ( Fig. 7B ; Cau et al., 2002; Murray et al., 2003) . Notch2 was expressed in the apical layer, although it was weaker than that of the WT (Fig. 7  E,F) . To determine the hierarchy of Mash1 and Six1, we analyzed the expression of Six1, and found that it was almost similar in WT and'Mash1 -/-at E13.5 (Fig. 7 G,H ; Tietjen et al., 2003) , as we observed at E11.5 (Ikeda et al., 2007) . Based on these results, we conclude that, 1) The expression of Six1 is not dependent on Mash1, 2) The expression of Notch1 in the basal layer is dependent on both Six1 and Mash1, 3) The expression of Notch2 in the apical layer is dependent on Six1, and partially on Mash1.
Discussion
Six1 plays an important role in established neurogenesis through production of basal and apical progenitor cells in the developing OE Two modes of neurogenesis exist during development in the OE; early neurogenesis and established neurogenesis. These two processes are quite different and the difference cannot be recognized only by the developmental stage. 1) The origin and distribution of neurons are different. In the early neurogenesis, all OP/OE cells proliferate continuously and some undergo differentiation into TuJ1-positive neurons in a scattered pattern (Ikeda et al., 2007) . In the established neurogenesis, the proliferating cells separate into apical and basal layers. Only the basal cells un- 2) Distinct types of neurons are produced. In the early neurogenesis, pioneer neurons and other uncharacterized neurons are produced. On the other hand, ORNs are produced in the established neurogenesis. Reflecting the difference in neurogeneses, various gene knockout mice with defective OE neurogenesis mostly show defects in the established neurogenesis without any defects in the early neurogenesis. Therefore, it has been considered that the regulatory mechanism that governs and genes involved in the two processes are different. In this context, the Six1 -/-mouse is the first knockout strain with defective early neurogenesis (Ikeda et al., 2007) . One of the main findings of the present study is that Six1 also plays an important role in the established neurogenesis during OE development, as evidenced by the absence of functional apical and basal progenitors in Six1 -/-mice. With regard to the basal progenitors, the expression of Mash1 in a subpopulation of Six1-positive OE cells makes it competent to neuronal lineage. The distribution of Mash1-positive neuronal progenitors is progressively limited to the basal layer. Then, the Mash1-positive progenitors give rise to the transit amplifying Ngn1-positive progenitors, which settle on the basal side of OE. The Ngn1-positive progenitors, in turn, give rise to NeuroDpositive neuronal precursors. The differentiation gene NeuroD is expressed in these Ngn1-positive basal progenitors during the transition from proliferation to differentiation, i.e., fully-differentiated ORNs (Cau et al., 1997 (Cau et al., , 2002 . Six1 was expressed in Mash1-, Ngn1-, and NeuroD-positive progenitors/precursors ( Fig.  2, 8 ; data not shown), and its expression disappeared with the differentiation of the progenitors into ORNs (Fig. 2) . Although BrdU-positive proliferating cells were present in the basal layer and Mash1-positive cells were observed throughout OE in Six1 -/-, the expression of Ngn1, NeuroD, and other neural marker genes, such as Phd1, Ebf1, and Lhx2, was absent or reduced at Pioneer neurons migrating out of OE are positive for Lhx2, but negative for Six1 (Ikeda et al., 2007) . Epithelial cells in the developing OE continue to proliferate and retain the potency to differentiate into different cell types, such as cells of VNO, cells of Bowman's gland, olfactory ensheathing cells (although their origin is currently debated), neurons, and glial-like sustentacular cells. In other word, they are multipotent OE cells. These OE cells are positive for Six1. At E12.5, basal and apical progenitors are identified, and both are Six1-positive (see Fig. 2 A,B) . (Lower part) A subpopulation of the OE cells becomes Mash1-positvive neuronal progenitors and they are progressively restricted to reside in the basal layers. The Mash1-positive progenitors give rise to the transit amplifying Ngn1-positive progenitors, which in turn give rise to NeuroD-positive neuronal precursors. They divide at least once (thin arrow) and produce ORNs. The expression of Six1 is downregulated during differentiation from NeuroD-positive progenitors into ORN. It is not clear whether NeuroD-positive basal progenitors during development directly become GBC and/or HBC in the OE of postnatal and adult mice. (Upper part) A subpopulation of the OE cells that are Six1-positvive but Mash1-negative becomes apical progenitors, which are positive for Hes1. They are self-renewing progenitors of sustentacular cells. In the adult, some of the sustentacular cells may divide through the self-renewing process (see Fig. 2H ), although they are small in number (thin arrow).
E12.5 (Fig. 5) . Moreover, we reported previously the complete absence of OMP-positive cells throughout development in Six1 -/- (Ikeda et al., 2007) . These findings indicate the absence of bona fide basal progenitors that produce ORNs in Six1 -/-. We conclude that Six1 plays an important role in the production of functional basal progenitors independent of Mash1, and in neuronal differentiation of basal progenitors, partly by regulating the expression of Ngn1 and NeuroD during established neurogenesis. In contrast to neuronal lineage, little is known about the gene cascade for sustentacular cell differentiation. Based on the present study, we suggest the following scenario: At E12.5-E13.5, Mash1-negative apical proliferating cells emerge from Six1-positive OE cells. These cells are Six1-and Hes1-positive and self-renewing apical progenitors for sustentacular cells (Fig. 2, 8 ; Beites et al., 2005; Cau et al., 2002) . Six1 -/-lack apical proliferating cells from the onset of established neurogenesis and are also deficient in morphologically recognizable sustentacular cells at later embryonic developmental stage (Fig. 4H) . The disruption of the epithelial structure of OE in Six1 -/-is probably due to the absence of sustentacular cells, because sustentacular cells are essential for proper ORN configuration (Nomura et al., 2004) . Compared with other gene knockout mice with defective OE development (reviewed in Nicolay et al., 2006) , Six1 -/-is unique as it exhibits totally disorganized OE together with the absence of sustentacular cell population, emphasizing the role of Six1 in epithelial integration through the production of sustentacular cells.
It was reported recently that persistent expression of Notch2 is required for maintaining sustentacular cell function in the OE of adult mouse (Rodriguez et al., 2008) . Conditional null mutant adult mouse of Notch2 showed disruption of the OE laminar organization and underexpression of sustentacular cell marker genes (Rodriguez et al., 2008) . Considering the facts that Six1 is expressed in the apical layer in adult mice and that the expression of Notch2 was absent in the apical layer in Six1 -/-, Six1 may also play a role in the maintenance of sustentacular cells through direct or indirect regulation of Notch2 expression.
The low rate of proliferation of sustentacular cells has been proposed to indicate their slow turnover and self-replacement, and catching-up on the slow growth of OE in rodents (Graziadei and Monti Graziadei, 1979; Weiler and Farbman, 1998) . Our results showed that Ki67-positive cells in the adult OE are Six1-positive (Fig. 2G) . Since Six1 is known to regulate cell proliferation (Christensen et al., 2008) , it is possible that Six1 provides the stimulus for sustentacular cell proliferation in the adult OE under physiological condition (Fig. 8) . This hypothesis will be examined in the future using sustentacular cell-specific conditional knockout mice of Six1.
Notch signaling pathway in established neurogenesis
Notch signaling pathway is known to be a central regulator of cell fate in the developing CNS (Yoon and Gaiano, 2005; Corbin et al., 2008; Lathia et al., 2008) . For example, it functions 1) to maintain stem/progenitor cells during embryonic development and postnatally (Solecki et al., 2001; Hitoshi et al., 2002) , 2) to inhibit neural differentiation (de la Pompa et al., 1997; Ohtsuka et al., 1999) , 3) to promote glial-precursor formation (Gaiano et al., 2000) , and 4) to determine glial-cell fate (Tanigaki et al., 2001) . In a manner analogous to the developing CNS, the expression of Notch1 in the basal cells is considered important for their maintenance as progenitor cells (Schwarting et al., 2007) . Because BrdU-positive basal cells were preserved in Six1 -/-, Notch1 seems to mainly maintain the differentiation potential, rather than the proliferation activity in the basal progenitors. On the other hand, the expression of Notch2 in the apical cell layer of OE may be essential for cell fate determination of glial-like sustentacular cells and amplifying their cell number. In this context, it is reasonable to assume that the lack of expression of Notch1 and Notch2 results in deficiency of basal progenitors, apical progenitors, and sustentacular cells in
There is a general agreement that Hes genes are the downstream targets of Notch signaling (Jarriault et al., 1995 (Jarriault et al., , 1998 Shimizu et al., 2002) . However, it has also been shown that the expression of Notch1 is negatively regulated by Notch1-independent Hes genes at early stage and that the initiation of Notch1 expression is one of the key features for switching from symmetric to asymmetric cell division, which produces various cell types in the developing CNS (Hatakeyama and Kageyama, 2006) . In Six1 -/-, enhanced expression of Hes genes was observed at E10.5, before the stage of established neurogenesis (Ikeda et al., 2007) and it was sustained at later stages (Fig.  4,6) . Therefore, Notch genes may be persistently repressed by the enhanced expression of Hes genes in Six1 -/-OE (see below).
Gene cascade involved in differentiation during the established neurogenesis
The present study defined the role of Six1 in the multistep process of production of apical and basal progenitors in the later developing OE. First, Six1 regulates the expression of neuronal repressor genes; Hes1 and Hes5, to moderate levels and limits their expression domains to the apical and basal layers, respectively. This observation is consistent with our previous findings of increased expression of Hes1 and Hes5 at E10.5 in Six1 -/-and that Six1 represses their expression in cultured cells (Ikeda et al., 2007) . Second, Six1 activates the expression of neural bHLH transcription factors, such as Ngn1 and NeuroD, as we observed in the early neurogenesis (Ikeda et al., 2007) . Third, Six1 activates the expressions of Notch2 and Notch1 in apical and basal layers, respectively. Consistent with this schema, a recent study suggested that Six1 acts upstream of Notch signaling in early sensory patch development in the inner ears of heterozygous Catweasel mice harboring a point mutation in the Six1 gene (Bosman et al., 2009) .
In Six1 -/-, overexpression of Hes1 and Hes5 may inhibit neurogenesis by blocking the expression of Ngn1, in a manner analogous to the CNS (Kageyama and Nakanishi, 1997; Cau et al., 2000) . In addition, the lack of activation of Ngn1 and NeuroD in Six1 -/-results in defective differentiation into ORNs. Furthermore, though not mutually exclusive, the lack of expression of Notch genes may result in dysregulation of asymmetric cell division followed by defective formation of heterogeneous cell population, such as basal progenitors, apical progenitors, and ORNs, analogous to CNS.
In conclusion, the present study showed that Six1 plays a critical role in the production of basal and apical progenitors and their differentiation during OE development by regulating various genes, such as neuronal bHLH, neuronal repressor bHLH, and genes involved in Notch signaling pathway.
Materials and Methods
Animals
Mash1 +/-and Six1 +/-mice were generated as described previously (Guillemot et al., 1993; Ozaki et al., 2004) . The Six1 +/-mouse carries a replaced enhanced green fluorescent protein (EGFP) gene into the first coding exon of the Six1 gene. Homozygous embryos were obtained by intercrossing male and female heterozygous mice. Gestation day 0 was established upon detection of a copulatory plug after overnight mating. The PCR primers for genotyping of embryos were described previously (Guillemot et al., 1993; Ozaki et al., 2004 
Immunofluorescence, immunohistochemistry and BrdU incorporation
Embryos were fixed at 4ºC in 4% paraformaldehyde/0.1 M phosphate buffered saline (PBS, pH 7.4) for 3-24 hours, depending on the developmental stage. For co-immunofluorescence analyses, WT or C57/BL6 embryos/mice were used. Samples were immersed in 18% sucrose/PBS, embedded in optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA), then frozen on dry ice, and cut into 16-m thick frontal sections, followed by immunofluorescence or immunohistochemistry. The following primary antibodies were used: anti-Ki67 (1:2 dilution, YLEM, Rome, Italy), anti-NeuroD (1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA), anti-Hes1 (1:200 dilution, Santa Cruz), anti-PGP9.5 for Fig. 1 (1:100 dilution, Serotec, Oxford, UK) and anti-PGP9.5 for Fig. 3 (1:2,000 dilution, Research Diagnostics, Flanders, NJ), anti-OMP (1:2000 dilution, Wako Pure Chemical Industries, Osaka, Japan), anti-SUS-4 (1:1,000 dilution, kindly provided by J.E. Schwob, Tufts University), anti-CK18 (1:250 dilution, Epitomics, Burlingame, CA), anti-CK14 for Fig. 1 (1:40 Dilution, Novocastra, Leica Microsystems, Germany) and anti-CK14 for Fig. 5 (1:200 dilution, Progen, Heidelberg, Germany). Homemade anti-mouse Six1 antibody was described previously (Ikeda et al., 2007) . The secondary antibodies for florescent staining (1:1,000 dilution) were Alexa Fluor 488 anti-mouse, Alexa Fluor 488 anti-sheep, Alexa Fluor 488 anti-guinea pig, Alexa Fluor 546 antirabbit, Alexa Fluor 546 anti-goat, Alexa Fluor 546 anti-mouse, Alexa Fluor 633 anti-goat, and Alexa Fluor 633 anti-rabbit (Molecular Probes/Invitrogen, Carlsbad, CA). Hoechst 33258 (Hoechst, Serva, Heidelberg, Germany) or 4,6-diamidino-2-phenylindole (DAPI, Sigma, St. Louis, MO) was used for nuclear staining. Images of immunofluorescence samples were obtained with 20X or 40X objectives of an Olympus FV1000 confocal microscope. For bright-field staining, ABC-AP kit (Vector Laboratories, Burlingame, CA) was used followed by counterstaining with hematoxylin. For experiments of BrdU incorporation of Fig. 1 , 2-month-old male mice were injected intraperitoneally with BrdU (40 mg/kg, Sigma) and then sacrificed 60 min later. BrdU-Immunofluorescence was performed using Cell proliferation kit (GE Healthcare, Amersham Place, Buckinghamshire, UK) and Alexa Fluor 488 anti-mouse antibody. Experiments of BrdU incorporation for Fig. 3 were performed as described previously, using 8-m thick paraffin-embedded sections and counterstained with hematoxylin (Ikeda et al., 2007) . The upper side is the dorsal and the right side is the medial side in the panels of related figures, unless otherwise indicated in the figure legends. Representative samples of at least three sets of different embryos, which showed similar results, are shown in the figures.
RNA probes and in situ hybridization
In situ hybridization was performed on 8-m thick paraffin frontal sections using single-stranded digoxigenin-UTP (Roche Diagnostics, Basel, Switzerland)-labeled riboprobes as described previously (Ikeda et al., 2007) . Hybridization was performed at 65ºC. Signals were detected with an anti-digoxigenin antibody (Roche) and NBT-BCIP (Roche) for chromogen. The probes used were as follows: Six1, provided by P. Gruss; Mash1, by D.J. Anderson; Ngn1, by Q. Ma; NeuroD, by E. Cole and M. Bronner-Fraser; Phd1, by T. Saito; Lhx2, by P. Choi and C. Dulac; Notch1, Notch2, Jagged1, and Jagged2, by G. Weinmaster; Lfng, by D.K. Wu; Hes1, Hes5, and Ebf1, as described previously (Ikeda et al., 2007) . In each figure panel, the upper side is the dorsal side, unless otherwise indicated. Representative samples of at least three sets of different embryos, which showed similar results, are shown in the figures.
